for the B c → τ ν and B → πτ ν decay branching fractions. We also study the effect of these new physics parameters on the ratio of the branching ratios of B → πτ ν to the corresponding B → π l ν decays.
I. INTRODUCTION
Although, the standard model (SM) of particle physics can explain almost all the existing data to a very good precision, there are some unknowns which are beyond the scope of the SM. The latest discovery of a Higgs-like particle by CMS [1] and ATLAS [2] further confirms the validity of the SM as a low energy effective theory. There are two ways to look for evidence of new physics (NP): direct detection and indirect detection. The Large Hadron Collider (LHC), which is running successfully at CERN, in principle, has the ability to detect new particles that are not within the SM, while, on the other hand the LHCb experiment has the ability to perform indirect searches of NP effects, and since any NP will affect the SM observables, any discrepancy between measurements and the SM expectation will be an indirect evidence of NP beyond the SM.
Recent measurements of b → u τ ν and b → c τ ν leptonic and semileptonic B decays differ from SM expectation. The measured branching ratio of (11.4±2.2)×10 −5 [3] [4] [5] for the leptonic B − → τ − ν decay mode is larger than the SM expectation [6] [7] [8] . However, the measured branching ratio of (14.6 ± 0.7) × 10 −5 [9] [10] [11] for the exclusive semileptonic B 0 → π + l ν decays is consistent with the SM prediction. The SM calculation, however, depends on the hadronic quantities such as B meson decay constant and B → π transition form factors and the Cabibbo-Kobayashi-Maskawa (CKM) element |V ub |. The ratio of branching fractions defined by
is independent of the CKM matrix elements and is measured to be (0.73 ± 0.15) [12] , and there is still more than 2σ discrepancy with the SM expectation. More recently, BABAR [13] Due to the large mass of the tau lepton, decay processes with a tau lepton in the final state are more sensitive to some new physics effects than processes with first two generation leptons.
These NP, in principle, can enhance the decay rate for these helicity-suppressed decay modes quite significantly from the SM prediction. In Ref. [14] , a thorough investigation of the lowest dimensional effective operators that leads to modifications in the B → D * τ ν decay amplitudes has been done. Possible NP effects on various observables have been explored. Among all the leptonic and semileptonic decays, decays with a tau lepton in the final state can be an excellent probe of new physics as these are sensitive to non-SM contributions arising from the violation of lepton flavor universality (LFU). A model-independent analysis to identify the new physics models has been explored in Ref. [12] . They also look at the possibility of a scalar leptoquark or a vector leptoquark, which can contribute to these decay processes at the tree level and obtain a bound of m ≥ 280 GeV on the mass of the scalar electroweak triplet leptoquark. Model with composite quarks and leptons also modify these b → u and b → c semileptonic measurements [12] . The enhanced production of a tau lepton in leptonic and semileptonic decays can be explained by NP contribution with different models among which the minimal supersymmetric standard model (MSSM) is well motivated and is a charming candidate of NP whose Higgs sector contains the two Higgs doublet model (2HDMs).
There are four types of 2HDMS such as type-I, type-II, lepton specific, and flipped [15] . New particles such as charged Higgs bosons whose coupling is proportional to the masses of particles in the interaction can have significant effect on decay processes having a tau lepton in the final state. In Ref. [16] , the author uses the 2HDM model of type-II for purely leptonic B decays that are sensitive to charged Higgs boson at the tree level. This model, however, cannot explain all the b → c semileptonic measurements simultaneously [13] . A lot of studies have been done using the 2HDM of type II and type III models [17] . However, none of the above 2HDMS can accommodate all the existing data on b → u and b → c semi-(leptonic) decays. Recently, a detailed study of a 2HDM of type III with MSSM-like Higgs potential and flavor-violation in the up sector in Ref. [18] has demonstrated that this model can explain the deviation from the SM in R l π , R D , and R D * simultaneously and predict enhancement in the B → τ ν, B → Dτ ν, and the B → D * τ ν decay branching ratios. Also, in Refs. [19, 20] , the authors have used a model independent way to analyse the B → Dτ ν and B → D * τ ν data by considering an effective theory for the b → c τ ν processes in the presence of NP and obtain bounds on each NP parameter. They consider two different NP scenarios and see the effect of various NP couplings on different observables. This analysis, however, does not include the B → τ ν data. A similar analysis has been performed in Ref. [21] considering a tensor operator in the effective weak Hamiltonian. Also, in Ref. [22] , the author investigates the effects of an effective right handed charged currents on the determination of V ub and V cb from inclusive and exclusive B decays. Moreover, the aligned two Higgs doublet model (A2HDM) [23] and, more recently a non-universal left-right model [24] have been explored in order to explain the discrepancies between the measurements and the SM prediction.
The recent measurements suggest the possibility of having new physics in the third generation leptons only. However, more experimental studies are needed to confirm the presence of NP. A thorough investigation of these decays will enable us to have significant constraints on NP scenarios.
In this report, we use the most general effective Lagrangian for the b → q semi-(leptonic) transition decays and do a combined analysis of b → u and b → c semi-(leptonic) decay processes where we use constraints from all the existing data related to these decays. It differs considerably from earlier treatments. First, we have introduced the right-handed neutrinos and their interactions for our analysis. Second, we have performed a combined analysis of all the b → u and b → c data. We illustrate four different scenarios of the new physics and the effects of each NP coupling on various observables are shown. We predict the branching ratio of B c → τ ν and B → πτ ν decay processes in all four different scenarios. We also consider the ratio of branching ratio R π of B → πτ ν to the corresponding B → π l ν decay mode for our analysis.
The paper is organized as follows. In Sec. II, we start with a brief description of the effective Lagrangian for the b → (u, c) l ν processes and then present all the relevant formulae of the decay rates for various decay modes in the presence of various NP couplings. We then define several observables in B → πτ ν, B → Dτ ν, and B → D * τ ν decays. The numerical prediction for various NP couplings and the effects of each NP coupling on various observables are presented in Sec. III.
We also discuss the effects of these NP couplings on B(B c → τ ν), B(B → πτ ν), and the ratio R π for various NP scenarios in this section. We conclude with a summary of our results in Sec. IV. We report the details of the kinematics and various form factors in the Appendix.
II. EFFECTIVE LAGRANGIAN AND DECAY AMPLITUDE
The most general effective Lagrangian for b → q ′ l ν in presence of NP, where q ′ = u, c, can be written as [25, 26] 
where g is the weak coupling constant which can be related to the Fermi constant by the relation
The new physics couplings denoted by
, and T L involve left-handed neutrinos, whereas, the NP couplings denoted by
and T L involve right-handed neutrinos. We assume the NP couplings to be real for our analysis.
Again, the projection operators are P L = (1 − γ 5 )/2 and P R = (1 + γ 5 )/2. We neglect the new physics effects coming from the tensor couplings T L and T L for our analysis. With this simplification, we obtain
where
In the SM, G V = G A = 1 and all other NP couplings are zero.
The expressions for B → lν, B → P lν, and B → V l ν decay amplitude depends on nonperturbative hadronic matrix elements that can be expressed in terms of B q meson decay constants and B → (P, V ) transition form factors, where P denotes a pseudoscalar meson and V denotes a vector meson, respectively . The B meson decay constant and B → (P, V ) transition form factors are defined as
where q = p − p ′ is the momentum transfer. Again, from Lorentz invariance and parity, we obtain
We use the equation of motion to find the scalar and pseudoscalar matrix elements. That is
where, for the B → π form factors, we use the formulae and the input values reported in Ref. [27] .
Similarly, we follow Refs. [28] [29] [30] and employ heavy quark effective theory (HQET) to estimate the B → D and B → D * form factors. All the relevant formulae and various input parameters pertinent to our analysis are presented in Appendix. B and in Appendix. C.
Using the effective Lagrangian of Eq. (4) in the presence of NP, the partial decay width of B → lν can be expressed as
where L µν and H µν are the usual leptonic and hadronic tensors, respectively. Here, θ l is the angle between the P (V ) meson and the lepton three momentum vector in the q 2 rest frame.
The three momentum vector
The resulting differential decay distribution for B → P l ν in terms of the helicity amplitudes H 0 , H t , and H S is
The details of the helicity amplitudes calculation are given in Appendix. A. We refer to Refs. [31, 32] for all omitted details. We determine the differential decay rate dΓ/dq 2 by performing the cos θ l integration, i.e,
where, in the SM, G V = 1 and all other couplings are zero. One obtains
Our formulae for the differential branching ratio in the presence of NP couplings in Eq. (12) and Eq. (14) differ slightly from those given in Ref. [19] . The term containing G S and G S is positive in Eq. (12) and Eq. (14), whereas, it is negative in Ref. [19] . Although, the SM formula is same, the numerical differences may not be negligible once the NP couplings S L, R and S L, R are introduced. It is worth mentioning that, for l = e, µ, the term containing m 2 l /q 2 can be safely ignored. However, same is not true for the B → P τ ν decay mode as the mass of τ lepton is quite large and one cannot neglect the m 2 τ /q 2 term from the decay amplitude. We assume that the NP affects the third generation lepton only.
Similarly, the differential decay distribution for B → V l ν in terms of the helicity amplitudes
We perform the cos θ l integration and obtain the differential decay rate dΓ/dq 2 , that is
In the SM, G V = G A = 1 and all other NP couplings are zero. We obtain
We want to mention that our formulae for the B → V l ν differential decay width in Eq. (16) and Eq. (18) differ slightly from those reported in Ref. [19] . Our formulae, however, agree with those reported in Ref. [14] . In Eq. (16), we have (1 + cos 2 θ l ) instead of (1 + cos θ l ) 2 reported in Ref. [19] .
Again, note that our definition of
to a sign discrepancy in A tP ( A tP ). Depending on the NP couplings G P and G P , the numerical estimates might differ from Ref. [19] .
We define some physical observables such as differential branching ratio DBR(q 2 ), the ratio of branching fractions R(q 2 ), and the forward-backward asymmetry A F B (q 2 ).
For B → P l ν decay mode, the forward-backward asymmetry in the presence of NP is
where, in the SM, G V = 1 and all other couplings are zero. We obtain
Similarly, for B → V l ν decay mode, in the presence of NP
In the SM, G A = G V = 1 while all other NP couplings are zero. Thus we obtain
We see that, in the SM, for the light leptons l = e, µ, the forward-backward asymmetry is vanishingly small due to the m 2 l /q 2 term for the B → P l ν decay modes. However, for B → V l ν, the first term will contribute and we will get a nonzero value for the forward-backward asymmetry. Any non-zero value of the A F B parameter for the B → P l ν decay modes will be a hint of NP in all generation leptons. We, however, ignore the NP effects in the case of l = e, µ. We strictly assume that only third generation leptons get modified due to NP couplings.
We wish to determine various NP effects in a model independent way. The theoretical uncertainties in the calculation of the decay branching fractions come from various input parameters. first, there are uncertainties associated with well-known input parameters such as quark masses, meson masses, and lifetime of the mesons. We ignore these uncertainties as these are not important for our analysis. Second, there are uncertainties that are associated with not so well-known hadronic input parameters such as form factors, decay constants, and the CKM elements. In order to realize the effect of the above-mentioned uncertainties on various observables, we use a random number generator and perform a random scan of all the allowed hadronic as well as the CKM elements.
In our random scan of the theoretical parameter space, we vary all the hadronic inputs such as B → (P, V ) form factors, f Bq decay constants, and CKM elements |V qb | within 3σ from their central values. In order to determine the allowed NP parameter space, we impose the experimental constraints coming from the measured ratio of branching fractions R l π , R D , and R D * simultaneously. This is to ensure that the resulting NP parameter space can simultaneously accommodate all the existing data on b → u and b → c leptonic and semileptonic decays. We impose the experimental constraints in such a way that we ignore those theoretical models that are not compatible within 3σ of the experimental constraints for the 3σ random scan.
III. RESULTS AND DISCUSSION
For definiteness, we summarize the input parameters for our numerical analysis. We use the following inputs from Ref. [5] . with the quark masses, meson masses, and the mean lifetime of mesons is not important and we ignore them in our analysis. In Table I and Table II , we present the most important theoretical and experimental inputs with their uncertainties that are used for our random scan.
We wish to study the effects of each new physics parameter on various observables and the B c → τ ν and B 0 → πτ ν decays in a model independent way. We also consider the ratio of branching fractions of B 0 → πτ ν to B 0 → π lν decays, defined as
which, in the SM, only depends on the ratio of form factors F 0 (q 2 )/F + (q 2 ). The decay mode B → πτ ν is particularly important because it originates from the same flavor changing interaction as the CKM Elements:
Meson Decay constants (in GeV):
|V cb | (Average) (40.9 ± 1.1) × 10 −3 [5] f Bc 0.395 ± 0.015 [37] Inputs for (B → π) Form Factors: Inputs for (B → D * ) Form Factors:
Inputs for (B → D) Form Factors:
1.20 ± 0.098 [38] Table. I. We vary all the theory inputs such as B q meson decay constants, B → (P, V ) transition form factors and the CKM matrix elements |V qb | within 1σ of their central values and obtain the 1σ allowed ranges in all the different observables in Table. III. The uncertainties associated with the input parameters for the calculation of the form factors, reported in Appendix B and Appendix C, are added in quadrature and tabulated in Table I .
We now proceed to describe four different scenarios of new physics and the effect of these NP parameters. We consider all the NP parameters to be real for our analysis. We assume that only the third generation leptons get corrections from the NP couplings in the b → (u, c) lν processes and for l = e − , µ − cases the NP is absent. We use 3σ experimental constraint coming from the ratio of branching ratios R l π , R D , and R * D to find the allowed ranges of all the NP couplngs. We then show how different observables behave with various NP couplings under four different NP scenarios that we consider for our analysis. We also give predictions for the branching ratios of B c → τ ν and B → πτ ν decays and the ratio R π for all the different NP scenarios. the presence of such NP couplings, the Γ(B q → τ ν), dΓ/dq 2 (B → P τ ν), and dΓ/dq 2 (B → V τ ν),
where P stands for pseudoscalar and V stands for vector meson, can be written as
It is evident that, the value of B(B c → τ ν) varies as G in Sec. II. In Fig. 2 , we show in blue (dark) bands the SM range and show in red (light) bands the range of each observable once the NP couplings V L and V R are switched on. It is clear from Fig. 2 that, the differential branching ratios (DBR) and the ratio of branching ratio get considerable deviations once we include the NP couplings. This is expected and can be understood very easily from Eq. (28) . In the presence of V L and V R alone, the DBR and the ratio for B → P τ ν decays depends on only G V coupling and is proportional to G 2 V . Whereas, for B → V τ ν decay mode the DBR and the ratio depends on G V as well as G A couplings and is proportional to G 2 V and G 2 A as can be seen from Eq. (28) . We see that the DBR for each decay mode can increase by 100% at the peak of its distribution. Similar conclusions can be made for the ratio of branching ratios as well where we see a 100% increase at the peak of its distribution. The forward-backward asymmetry, as we expected, does not vary with V L and V R for the B → πτ ν and the B → Dτ ν decay modes.
Since it depends on G V couplings only, the NP dependency gets canceled in the ratio as can be seen from Eq. (22) . However, for B → D * τ ν, the deviation is quite large. Again, it can be very easily understood from Eq. (24) . It is mainly because of the presence of G V as well as G A couplings.
We see a zero crossing at q 2 ≈ 6.0 GeV 2 in the SM for this decay mode. However, in the presence of such NP, depending on V L and V R , there may or may not be a zero crossing as is evident from Again, we want to emphasize the fact that a pure G V coupling will contribute to the B → P τ ν as well as B → V τ ν decay processes, whereas a pure G A coupling will contribute to the B → τ ν as well as the B → V τ ν decay modes. We do not consider pure G V and G A couplings for our analysis as a pure G V or a pure G A type NP coupling will not be able to accommodate all the existing data since current experiments on b → u and b → c semi-(leptonic) decays suggest that there could be new physics in all the three decay modes. Hence, if NP is present in R l π , R D , and R D * , one can rule out the possibility of having a pure G V or a pure G A type of NP couplings.
B. Scenario B
Here we consider nonzero S L and S R couplings and keep all other NP couplings to zero. The allowed ranges of S L and S R that satisfy the 3σ experimental constraints are shown in the left panel of Fig. 3 . In the presence of S L and S R , the Γ(B q → τ ν), dΓ/dq 2 (B → P τ ν), and dΓ/dq 2 (B → V τ ν) can be written as The right panel shows the ranges of B → πτ ν branching fractions and the ratio R π with these NP couplings.
We see that B → τ ν and B → D * τ ν depend on pure G P coupling, whereas, B → πτ ν and B → Dτ ν depend on pure G S coupling. Hence, we do not consider pure G P and pure G S NP couplings for our analysis as these will not simultaneously explain all the existing data. The effects of these NP couplings on the B(B → πτ ν) and the ratio R π is shown in the right panel of Fig. 3 .
In the presence of such NP, the 3σ allowed ranges of the branching ratio of B c → τ ν, B → πτ ν, and the ratio R π of the branching ratios of B → πτ ν to the corresponding B → π l ν are We see that the B(B c → τ ν), B(B → πτ ν), and the ratio R π are quite sensitive to the S L and S R NP couplings. The deviation from the SM is quite large once these NP couplings are switched on.
We now wish to see how different observables behave with S L and S R . The corresponding DBR, the ratio R(q 2 ), and the forward-backward asymmetries A F B (q 2 ) as a function of q 2 are shown in Fig. 4 . We see that deviation from the SM is much larger in the case of B → πτ ν and B → Dτ ν decay modes than the B → D * τ ν decay mode. We see that the variation is quite similar in B → πτ ν and B → Dτ ν decay modes. It is expected as both the decay modes depend on the NP couplings through G S , whereas the B → D * τ ν depends on the NP couplings through G P and hence the variation is quite different from the B → πτ ν and B → Dτ ν decay modes. Again, the peak of the In the presence of such NP couplings, the Γ(B q → τ ν), dΓ/dq 2 (B → P τ ν), and dΓ/dq 2 (B → V τ ν), where P stands for pseudoscalar and V stands for vector meson, can be written as 
It is evident from Eq. (30) that the B → τ ν decay branching ratio depends on the NP couplings through G The allowed ranges of all the different observables with these NP couplings are shown in Fig. 6 .
We see that the differential branching ratio, the ratio of branching ratio, and the forward backward asymmetry parameters vary quite significantly with the inclusion of the NP couplings. The q 2 distribution looks quite similar to what we obtain for Scenario A. Although, the differential branching ratio and the ratio of branching ratios are quite sensitive to V L and V R , the forward-backward asymmetry for the B → πτ ν and B → Dτ ν does not depend on the NP couplings at all. However, for the B → D * τ ν decay mode, all the three observables are very sensitive to these right-handed neutrino couplings. Again, depending on these NP couplings, there may be a zero crossing in the q 2 distribution of the A F B parameter which can be quite different from the SM prediction.
D. Scenario D
We include the new physics effects coming from the S L and S R alone while keeping all the other NP couplings to zero. We impose the experimental constraint coming from the measured data of R l π , R D , and R D * and the resulting allowed ranges of S L and S R are shown in the left panel of Fig. 7 . Similar to V L and V R , these couplings also arise due to the right-handed neutrino interactions. The decay rate depends on these NP couplings quadratically and hence the parameter space is less constrained. In the presence of S L and S R , the Γ(B q → τ ν), dΓ/dq 2 (B → P τ ν), and dΓ/dq 2 (B → V τ ν) can be written as
The 3σ allowed ranges of the B → πτ ν branching ratio and the ratio R π are shown in the right panel of Fig The effect of these NP couplings on various observables are quite similar to the scenario where only the S L and S R are nonzero. The allowed ranges of all the observables are shown in Fig. 8 .
The differential branching ratio, the ratio of branching ratios, and the forward-backward aymmetry parameters deviate quite significantly from the SM prediction for the B → πτ ν and B → Dτ ν decay modes, whereas there is no or very little deviation of these observables from the SM value in case of B → D * τ ν decay process. We see that the B → τ ν and B → D * τ ν decay branching ratios depend on these NP couplings through G 2 P terms, but, the B → πτ ν and B → Dτ ν decay branching fractions depend on these NP couplings through G 2 S terms. Hence, we see similar behavior for the B → πτ ν and B → Dτ ν decay modes. However, as expected, the variation in the B → D * τ ν decay mode is quite different from the B → πτ ν and the B → Dτ ν decay modes. Again, we see that the peak of the distribution of B → πτ ν and B → Dτ ν decay branching ratios shift toward a large q 2 region. Although, the effects of these right-handed couplings are quite similar to its left-handed counterpart, there are some differences. We do not see any zero crossing in the q 2 distribution of the A F B parameter for the B → πτ ν and B → Dτ ν decay modes. For the right-handed neutrino couplings ( V L , V R ) and ( S L , S R ), the effects are quite similar to its left-handed counterpart (V L , V R ) and (S L , S R ). However, the sensitivity is somewhat reduced.
Although current experimental results are pointing towards the third generation leptons for possible new physics, there could be, in principle, new physics in the first two generations as well.
If there is NP in all generation leptons, then it might be possible to identify it by measuring the forward-backward asymmetry for B → π l ν, B → D l ν, and B → D * l ν decay modes, where l could be either an electron or a muon. It will provide useful information regarding the NP couplings (S L , S R ) and ( S L , S R ). Similarly, measurement of the branching ratio of B c → τ ν and B → πτ ν and the ratio R π will put additional constraints on the nature of NP couplings. Retaining our current approach, we could also sharpen our estimates once improved measurements of various branching ratios and the ratio of branching ratios become available. At the same time, reducing the theoretical uncertainties in various form factors and decay constants will also improve our estimates in future. We use the helicity method of Refs. [31, 32] to calculate the different helicity amplitudes for a B meson decaying to pseudoscalar(vector) meson along with a charged lepton and an antineutrino in the final state. We know that the amplitude square of the decay B → P (V ) l ν can be factorised into leptonic (L µν ) and hadronic (H µν ) tensors. That is
The leptonic and hadronic tensor product L µν H µν depends on the polar angle cos θ l , where θ l is the angle between the P (V ) meson three momentum vector and the lepton three momentum vector in the q 2 rest frame, and can be worked out using the completeness relation of the polarization four
where g m m ′ = diag(+, −, −, −). Using this approach, one can factorize L µν H µν in terms of two
Lorentz invariant quantities such that
where L(m, n) and H(m ′ , n ′ ) can now be evaluated in different Lorentz frames. We evaluate L(m, n) in the l − ν center-of-mass frame, i.e, in the q 2 rest frame and H(m ′ , n ′ ) in the B meson rest frame.
In the B meson rest frame, the helicity basis ǫ is taken to be 
where the
For a vector meson in the final state, the polarization four vectors obey the following orthonormality condition
and the completeness relation
The leptonic tensor L(m, n) is evaluated in the l − ν l center-of-mass frame, i.e, in the q 2 rest frame. In this frame, the helicity basis ǫ is taken to be
In the q 2 rest frame, the four momenta of the lepton and the antineutrino pair can be written as
where the lepton energy E l = (q 2 + m The most recent lattice QCD computations with three dynamical flavors predict these form factors at q 2 ≥ 16 GeV 2 , in the upper part of the semileptonic region 0 ≤ q 2 ≤ (m B − m π ) 2 , with an accuracy reaching 10%. There are also recent results available in the quenched approximation on a fine lattice [41] . Very recently, in Ref. [27] , the author uses the sum rule results for the form factors as an input for a z-series parametrization that yield the q 2 shape in the whole semileptonic region of B → π l ν. The relevant formulae for F + (q 2 ) and F 0 (q 2 ) pertinent for our discussion, taken from
Ref. [27] , are
where by default F + (0) = F 0 (0) and For the uncertainties, we add the various errors reported in Ref. [27] in quadrature. , we obtain
where V 1 (ω) and S 1 (ω), taken from Ref. [29] , are
and
We follow Ref. [30] and parametrized V 1 (ω) in terms of ρ 1 and z parameters as V 1 (ω) = V 1 (1) 1 − 8 ρ 
The form factor S 1 (ω) has the following parametrization [30] . 
We now concentrate on the B → V i.e. B → D * form factor in the HQET [14] by defining the universal form factor h A 1 which can be related to A 0 (q 2 ), A 1 (q 2 ), A 2 (q 2 ), and V (q 2 ) as 
where, we use the following numerical values of the free parameters from Refs. [14, 39] 
